Introduction Glycosylations range among the most common posttranslational modifications with an estimated 50% of all proteins supposed to be glycosylated. These modifications are required for essential cellular processes including cell-cell recognition, protein structure and activity, e.g., of surface receptors, as well as subcellular localization of proteins. Beside the elucidation of the carbohydrate structures, the annotation of glycosylation sites is of primary interest as a basis for subsequent functional characterization. Although mass spectrometry is the method of choice for large-scale analysis of glycosylation sites, it requires initial enrichment of glycopeptides prior mass spectrometric detection in most cases. Materials and Methods In this paper, we present a novel approach for glycopeptide enrichment by electrostatic repulsion hydrophilic interaction chromatography (ERLIC). Glycopeptides were separated from the bulk of nonmodified peptides and gradually eluted from the stationary phase with potential for isoform resolution. Applied to human platelets, 125 glycosylation sites on 66 proteins were identified including major platelet glycoproteins responsible for cellular function. Conclusion These sites add a major contribution to the now more than 250 glycosylation sites annotated for platelets, which enable the clinically relevant design of quantification assays for platelet glycoproteins.
Introduction
Glycosylations are among the most common posttranslational modifications to proteins and have been characterized by an increasing number of publications on the glycoproteomic field. Being a very heterogeneous group of modifications, a narrow focus of studies on certain subsets of glycosylation types is required. In this context, the majority of glycosylation site analyses were focused on Nglycosylations in the past, demonstrating the strong impact of glycosylations on protein and cellular function. They influence protein structure as well as their subcellular localization, e.g., by controlling correct folding of newly synthesized proteins and transport signals like mannose-6-phosphate for lysosomal localization. In addition, protein function can be directly modulated, e.g., in case of glycoprotein VI-the major collagen receptor on platelets, where prevention of N-glycosylation leads to reduced binding of collagen [1] . Furthermore, increased levels of terminal beta-N-acetylglucosamine on glycoproteins, especially on glycoprotein Ib in cold-storage platelets lead to increased clearance of transfused platelets from the bloodstream by interaction with the macrophage α M β 2 integrin receptor [2, 3] . On a systemic level, the impaired synthesis of oligosaccharide side chains of membrane glycoproteins has been shown to be connected to congenital thrombocytopenia [4] as shown for the terminal glycosylation of glycoprotein Ib in platelets [5, 6] .
Despite examples of direct clinical relevance for glycosylation related effects, the analysis of glycosylation sites offers a further benefit for proteomic biomarker research. Membrane glycoproteins are the main mediators of extracellular stimuli and thus a primary research target. However, in comparison to non-glycosylated intracellular proteins they comprise only a low proportion of the total cellular protein content and therefore are-among other reasons-underrepresented in many proteomic studies. The same holds true for plasma analysis, where albumin and other abundant non-glycosylated proteins are responsible for up to 95% of the protein content. In contrast, large-scale glycosylation site analysis relies on specific enrichment of glycopeptides before mass spectrometric detection, thus reducing the complexity of the sample mixture by several orders of magnitude. This enables the identification of low abundant glycoproteins for basic research and potential biomarkers with clinical relevance. Stahl-Zheng et al. used this approach for plasma proteins in combination with hybrid-type triple quadrupole instruments and reported potential identification as well as quantification of hundreds of glycoproteins within five orders of magnitude [7] . Therefore, the analysis of glycosylation sites can be considered as beneficial not only for detailed functional protein analysis, but also for the design of assays for clinically relevant biomarkers. As experimental basis, these assays require the identification of accessible glycosylation sites on a wide range of functional proteins. A repository of those sites might therefore enable fast and convenient access to this kind of information without conducting timeconsuming basic research for each clinical study anew.
Over the years, many different strategies have been used for glycosylation site elucidation. Nearly all of them employ a three-step procedure based on enrichment of glycopeptides, (partial) removal of the glycan moietymostly by enzymatic means-and subsequent mass spectrometric detection and bioinformatic evaluation of datasets. Established approaches mainly differ regarding the primary step for specific isolation of glycopeptides. Lectin-based approaches have been among the first techniques for this purpose, as shown by Kaji et al., using isotope-coded glycosylation-site-specific tagging (IGOT) with Concanavalin A as lectin [8] . Almost simultaneously, Zhang et al. demonstrated the use of hydrazide-based covalent coupling for identification of glycoproteins and their relative quantification in two samples [9] . In addition, approaches based on more general properties of glycopeptides were applied for enrichment by size, hydrophilicity, or charge. AlvarezManilla et al. [10] utilized the large size of glycopeptides as selection criterion during size exclusion chromatography, Hagglund et al. [11] employed hydrophilic liquid interaction chromatography to enrich carbohydrate-bearing peptides [12] . Recently, we reported the enrichment of sialic acid bearing peptides by strong cation exchange chromatography exploiting the charge difference of these glycopeptides compared to the bulk of tryptic peptides from platelet membrane digests [13] . It is interesting to note that while mapping glycosylation sites for the platelet proteome project by various methods, a high complementary of glycopeptide enrichment strategies was observed. Whereas subsets of glycosylation sites could be readily detected, e.g., by oxidative hydrazide coupling, the same sites were not accessible via hydrophilic interaction or lectin affinity chromatography and vice versa. The same was previously reported for phosphopeptide analysis as well [14] . To allow for an enhanced survey of certain cell types, tissues or body fluids, several of these methods should therefore be combined to maximize the output of relevant data from highly complex protein mixtures.
However, all generally employed strategies for glycopeptide enrichment show a common limitation: the elution of peptides is achieved as bulk mixture. This can be advantageous with respect to quantitative profiling, but in general, further subfractionation of glycopeptides would be preferable. Already during strong cation enrichment of glycopeptides we observed parallels between glyco-and phosphopeptide behavior. Both types of modified peptides eluted early during the salt gradient or were already found in the flow-through fractions. This parallelism also holds true for enrichment of sialoglycopeptides by TiO 2 as recently demonstrated by Larsen et al. [15] . Therefore, the development of electrostatic repulsion hydrophilic interaction chromatography (ERLIC) for phosphorylation analysis [16] led us to evaluate the potential of glycopeptide enrichment by this novel liquid chromatography technique.
In this study, ERLIC, in combination with plasma membrane preparations based on aqueous two-phase partitioning, allowed for enrichment of carbohydrate-bearing peptides from a large number of platelet glycoproteins being important for platelet function. The method enabled the annotation of 125 glycosylation sites on 66 distinct proteins with a high share of plasma membrane proteins. Moreover, the elution behavior of the glycopeptides exhibited potential isoform resolution as a result of interaction with the stationary phase. Thereby, this approach adds not only to the growing number of known platelet glycosylation sites supporting biomarker monitoring, but also shows promise for future application of glycopeptide-isoform detection.
Material and Methods

Materials
Chromatographic chemicals used in this study were of analytical or higher grade and were obtained from Sigma, Steinheim, Germany. PNGaseF (F. meningosepticum) was from Roche, Mannheim, Germany; sequencing grade trypsin was purchased from Promega, Madison, USA.
Platelet Purification
Human platelets were prepared as described previously [13, 17, 18] from fresh aphaeresis concentrates (leukocyte depleted, 2-4×10 11 platelets/250 mL, Department of Transfusion Medicine, University Würzburg, Germany). Briefly, concentrates were divided into 50-mL centrifugation tubes and spun twice at 310×g for 15 min to remove remaining leukocytes or erythrocytes. The supernatant of the second centrifugation step was spun again at 380×g for 20 min at room temperature. Pellets were washed twice with 10 mM citric acid buffer containing 5 mM KCl, 145 mM NaCl, 14 mM glucose, and 1 mM MgCl 2 , pH 6.4 to remove residual plasma proteins. Final pellets were directly frozen in liquid nitrogen until further use.
Aqueous Two-Phase Partitioning
Platelet plasma membranes were enriched as previously described by two-phase partitioning [13, 19] . A 200-mL two phase system consisting of 6.3% PEG 3350 and dextran T500 each in 15 mM Tris, pH 7.8 was equilibrated overnight at 6°C. Thereof, a 20-mL system (1:1 v/v of the equilibrated PEG and dextran phases) was used for separation of 100-mg (wet weight) platelets. Lysis was facilitated by repetitive ultrasonic bursts and subsequent phase separation was achieved by centrifugation at 500×g for 10 min at 6°C. The top PEG phase was extracted with an equal volume of fresh dextran phase. This extraction was repeated once and the final upper PEG phase was diluted 1:1 with water before membranes were pelleted by ultracentrifugation at 100,000×g for 1 h at 4°C in a TLA 100.4 rotor (Beckman Coulter, Krefeld, Germany). To remove cytoplasmic and peripheral membrane proteins, the resulting four membrane pellets were twofold extracted in a volume of 3 mL of 100 mM sodium carbonate, pH 11.5 for 0.5 h at 4°C [20] . Pellets were subsequently stored at −80°C until further use.
Proteolytic Digests
A single pellet (or an equivalent amount of whole-cell lysate) was solubilized in 200 μL of 2.5% SDS, 50 M Tris, pH 8.0, briefly heated to 90°C and 1,4-dithiothreitol was added to a concentration of 5 mM before incubation at 57°C for 15 min. After addition of 20 mM iodoacetamide and incubation at 21°C for further 15 min, 1800 μL ethanol (chilled to −30°C) was added and proteins were precipitated at −30°C for 4 h. Proteolytic digest of proteins solubilized in 400 μL 50 mM NH 4 HCO 3 was performed with 20 μg trypsin (sequencing grade, Promega, Madison, USA) at 37°C overnight. Samples were acidified by addition of formic acid and dried under vacuum.
Glycopeptide Purification
For isolation of glycopeptides, electrostatic repulsion hydrophilic interaction chromatography as demonstrated by Alpert [16] was used. Therefore, a polyWAX column (4.6 mm inner diameter, 100 mm length, polyWAX LP, 5 μm particle size, 300 Å pore size, Chromatographic Technologies, Basel, Switzerland) was used with a flow rate of 1 mL/min on an inert BioLC HPLC system (Dionex, Idstein, Germany). The binary gradient consisted of 20 mM methylphosphonic acid, 70% acetonitrile for buffer A and 200 mM triethylamine phosphate, 60% acetonitrile for buffer B, respectively. Stock solutions were prepared as 66 mM methylphosphonic acid in water, adjusted to pH 2.0 with sodium hydroxide and 500 mM triethylamine adjusted to pH 2.0 with ortho-phosphoric acid before addition of acetonitrile.
Dried samples were dissolved in 200 μL buffer A and injected to the polyWAX column, which was previously equilibrated for at least 1 h with buffer A. After 10 min at 100% A, a linear gradient was used to 100% B in 45 min for elution of glycopeptides followed by equilibration to 100% A for at least 1 h before the next injection. Elution profiles were monitored by UV absorption at 215 and 295 nm. Fractions were collected in 1-min intervals and acetonitrile was evaporated under vacuum.
Subsequently, peptides were purified using small scale C18 columns (PerfectPure C18, Eppendorf, Hamburg, Germany). Columns were pretreated with acetonitrile, conditioned with water, and samples were repetitively applied. After eight washes with 20 μL of water each, peptides were eluted with 20 μL 60% acetonitrile, 40 mM NH 4 HCO 3 . Acetonitrile was removed under vacuum and 10 μL 100 mM NH 4 HCO 3 were added.
Glycosidase Digest After C18 microcolumn treatment 0.25 U PNGase F was added to each fraction, followed by incubation at 37°C for 3 h. Samples were acidified with 15 μL of 1% trifluoroacetic acid each and reduced to 15 μL final volume under vacuum.
Mass Spectrometric Detection
Separation of peptide mixtures before mass spectrometric sequencing was performed on a nanoLC-MS/MS system. Briefly, a Famos™, Switchos™, Ultimate™ nanoLC system (Dionex, Idstein, Germany) was set up to trap and desalt peptides from the ERLIC fractions on a custom-made 100 μm ID×2 cm length precolumn (Ace C 18 , 5 μm particle size, 100 Å pore size; HiChrom Ltd., Berkshire, UK) with 0.1% trifluoroacetic acid (TFA) as loading buffer. Dimensions of custom-made separation columns were 75 μm ID×150 mm length (Ace C 18 , 3 μm particle size, 100 Å pore size, HiChrom Ltd.). Separations were accomplished at a flow rate of 270 nL/min and gradient slopes of 1% B/min up to 55% buffer B content, followed by 5 min wash at 95% B. Solvent A was 0.1% formic acid in water and solvent B 0.1% formic acid in 84% acetonitrile.
A Qtrap 4000 linear ion trap mass spectrometer (Applied Biosystems, Darmstadt, Germany) was used in the positive ion mode comprising 1) an enhanced multiple-charge scan (380-1,500 amu, three spectra summed at 4,000 amu/s) as survey scan, followed by 2) enhanced resolution scans of three selected precursors (single spectra at 250 amu/s), which were furthermore fragmented by 3) enhanced product ion scans (115-1,500 amu, two spectra summed at 4,000 amu/s). Ion spray voltage was set to 2.3 kV and only ions with charge states 2 + and 3 + were chosen for fragmentation. Dynamic exclusion time was set to 22 s after one occurrence of a respective target ion.
Data Evaluation
Mass spectrometric derived datasets were evaluated by searches using Mascot™ (Version 2.1, Matrix Science, London, UK) combined with manual evaluation as well as open mass spectrometry search algorithm (OMSSA) [21] for automated evaluation. In both cases, peak lists were generated from the raw-data format using Analyst 1.4.2 software plug-ins (mascot.dll; Matrix Science/Applied Biosystems). All peaks with intensities below 0.1% of the base peak were omitted, whereas data were centroided in the process. Mass deviance was set to 0.4 Da. A nonredundant human subset of the Swiss-Prot database (version from 11 September 2007, total 566,908 sequences, 34,340 thereof in the human subset, http://www.expasy.ch) was used as a concatenated reversed database for searches with trypsin specified as protease comprising one missed cleavage site. Carbamidomethylation was set as fixed modification and deamidation of asparagine as variable modification. Spectra with a Mascot™ score >34 (significance threshold p<0.05, false positive rate for total peptide number ∼1.6%) and valid glycosylation consensus sequence were considered for further manual evaluation. OMSSA results were considered to be significant with an e-value below 0.01, which corresponds to a false positive rate <0.1%.
Results
Enrichment of Glycopeptides by ERLIC
Electrostatic repulsion hydrophilic interaction chromatography as presented by Alpert [16] enables the enrichment of phosphopeptides by interaction of the negatively charged phosphate group with the weak anion exchange matrix overlaid with hydrophilic effects caused by the use of 60% to 70% acetonitrile within the buffer system. Glycopeptides have been demonstrated to exhibit a similar behavior as phosphopeptides in other systems such as strong cation exchange [13, 22] and titanium dioxide chromatography [15, 23] . Indeed, we observed distinct enrichment and separation of glycopeptides by the use of ERLIC.
As expected, the bulk of peptides could be observed in the flow-through fractions from 1 min to 12 min (see Fig. 1 ). They comprise non-glycosylated peptides, whereas high abundant proteins such as glycoprotein IIb/IIIa clearly dominate the analysis of individual fractions. Beginning with fraction 13-14 but more pronounced after fraction 20, less non-glycopeptides were identified (compare Fig. 2) . In turn, the number of peptides that exhibits a +1 Da mass shift for the artificial deamidation by PNGaseF deglycosylation increased up to fraction 35-45 where a ratio of roughly 15 for modified versus non-modified peptides could be observed using automated OMSSA evaluation. This is a comparable enrichment effect to that observed by Kaji et al. using a twofold lectin enrichment procedure. In their study, ∼16% of the dataset was made up by peptides from highly abundant structural proteins or from unspecific adsorption of peptides to the agarose-based lectin column [8] . Similar shares (∼17%) were monitored applying strong cation exchange chromatography to platelet plasma membranes [13] prepared by the same aqueous two-phase partitioning system as used in the current study.
Nevertheless, the main difference between ERLIC and SCX-based enrichment of glycopeptides is the elution of glycopeptides in distinct fractions in the ERLIC mode. Most of the detected glycopeptides elute as broad peaks in time frames over 5-6 min. As could be deduced from the artifact peaks, as well as from minor peaks within the gradient (Fig. 1) , this elution window seems rather large. It could either be caused by inferior chromatographic conditions resulting in tailing of peaks; more probably, the presence of glycan isoforms attached to the same peptide moiety contributes to the observed peak broadening. Detailed analysis of ovalbumin, e.g., resulted in the elucidation of 18 glycan isoforms attached to the single glycosylation site N293 by Harvey et al. [24] . Assuming a selective adsorption and desorption of individual glycan isoforms from the polyWAX resin, peak broadening might therefore be a result of oligosaccharide isoform separation. Moreover, the behavior of different glycopeptides (and their potential isoforms) varied to a high degree during gradient elution. Whereas the peptide K.YSL#NSTTWK.V of C-C chemokine receptor type 4 could only be observed in fraction 36, the peptide R.
LGGW#NITGPWAK.D of endothelinconverting enzyme 1 was detected in five adjacent fractions (32 to 36) and lastly R.LRPDDSK#NFSIQVR.Q of integrin beta-3 was found throughout the gradient (fractions 21-27, 31, 33, 35-46) (Fig. 3) . The extended elution time width of the integrin beta-3 peptide would argue for an extremely heterogeneous glycosylation profile, whereas peptides from endothelin-converting enzyme 1 and C-C chemokine receptor type 4 would support minor heterogeneity of their glycosylation sites. In addition to potential differences caused by the glycan part, the peptide moiety seems to influence the elution behavior as well. In case of integrin beta-1 peptides K.DTCTQECSYF#NITK.V (fractions 38-44) and K.KDTCTQECSYF#NITK.V (fractions 33, 34, 39, 45-47, 49) as well as platelet glycoprotein 4 peptides K. #NCTSYGVLDISK.C (fractions 36,37, 39-42) and K. IISK#NCTSYGVLDISK.C (fractions 40-46, 48) the missed cleavage site resulted in a shift to later retention times of roughly 5 min.
As a conclusion, ERLIC is well suited for the enrichment of glycopeptides, with potential access to the separation of glycopeptide isoforms. This is advantageous when dealing with highly complex glycoprotein samples such as plasma, complete tissue extracts as well as complete organisms, where the expected number of glycopeptides is still higher as in the presented platelet system. Thorough subfractionation would be required in those cases to avoid undersampling during mass spectrometric analysis. ERLIC allows for this fractionation already during the single Comparison with a blank run (C) confirms the two major peaks at 26 and 28 min to be artifacts, while mass spectrometry proved the remaining signals to be derived from glycopeptides Fig. 3 Examples of glycosylated peptides detected during the ERLIC approach. Elution times are visualized for each peptide to account for possible isoform resolution (right scheme) enrichment step. However, the exact mechanism of ERLIC retention for glycopeptides remains yet unknown and is the focus of ongoing work in our group. Although the acetonitrile gradient is quite low ranging from 70% to 60%, a hydrophilic retention mechanism is possible (compare Hagglund et al. [11] ) in addition to the attractive effects of the polyWAX phase toward negatively charged groups-potentially sialic acid.
Elucidation of Glycosylation Sites
In total, 125 glycosylation sites belonging to 118 distinguishable peptide sequences could be sequenced using the ERLIC approach (compare Table 1 ; for additional information, see supplemental table). This number is based on Mascot database searches with subsequent manual validation of spectra (for MS/MS spectra compare supplemental section). In addition, 117 of those sites (94%) could also be detected using OMSSA [21] (supplemental table) , thereby increasing the confidence in the correctness of these sites. Of 2418 peptides identified by MASCOT under the conditions stated in the methods section, 1577 peptides were annotated as deamidated. Thereof, 616 deamidations (25.5%) were within the NXT and 363 (15.0%) within the NXS consensus sequence. The high number of 598 unspecific deamidations might be explained by an increased retention of this peptide species as a result of the additional carboxy-group of the converted asparagine. In this context, deglycosylation using PNGaseF and H 2 18 O might help to further distinguish between unspecific deamidations, e.g., by natural (+1 Da) and intentionally introduced deamidations (+3 Da). A comparison with two previously published studies on the platelet system [13, 18] results in 63 common sites from the SCX-based study and 20 from the hydrazide/ lectin-based approach. Fifty-four sites have not been reported so far for platelets. ERLIC therefore proves to be a complementary approach further increasing the number of known glycosylation sites in human platelets. Novel sites could not only be detected for major glycoproteins such as integrins beta-1 and beta-2, integrin alpha-2 or platelet glycoprotein V but also for less known, e.g., the metal transporter CNNM4, which has so far not been characterized in human platelets. Regarding the function of the identified proteins, three groups can be differentiated: first, 16 proteins exhibit receptor-or receptor-like properties. They comprise integrins as well as C-C Chemokine receptor 4, a prostacyclin receptor or glycoprotein V as component of the glycoproteins Ib-IX-V complex (von Willebrand factor receptor). Second, seven transporter proteins could be identified. Among them are P2X purinoceptor 1 and short transient receptor potential channel 6 as examples for calcium transporters. Third, 19 proteins involved in cellcell interactions or cellular adhesion are included in the presented dataset. This group again includes integrins responsible for cellular interaction as well as adhesive glycoproteins thrombospondin 1, platelet endothelial cell adhesion molecule or endothelial cell-selective adhesion molecule. Further proteins not included in the groups previously mentioned are, e.g., multimerin 1 as a carrier protein for coagulation factor V/Va or the metalloproteinase ADAM 10.
Using subcellular prefractionation by aqueous two-phase partitioning led to a high share of plasma membrane localized glycoproteins. In this study, 66 proteins could be shown to be N-glycosylated. By comparison with the Swiss-Prot database, 60% thereof were annotated as belonging primarily to the plasma membrane, whereas further 17% of the identified proteins were putative membrane proteins with yet unconfirmed localization (Fig. 4) . Although this share is lower than in the previous study [13] , it still highlights the suitability of ERLIC for the enrichment of glycopeptides from this source. Initial use of whole-platelet lysates in concentrations comparable to the membrane samples only led to a low number of glycopeptide identifications. This is probably because of the lower absolute amount of membrane proteins, which make up the primarily glycosylated species in the analyzed samples. Subfractionation is therefore recommended, although soluble glycoproteins might be lost in the process of aqueous two-phase partitioning. These should be covered by additional approaches specifically aimed, e.g., to secreted proteins [25] .
Combination of the so far published large-scale glycosylation site datasets yields a unique collection of glycopeptides for use in cardiovascular studies. Two hundred fifty-seven distinct glycosylation sites cover a selection of the most important glycoproteins responsible for platelet function. They comprise a high number of adhesion receptors and signal transducers mandatory for platelet activation and aggregation. Some, such as glycoprotein VI, were not confirmed as their glycosylation sites are not accessible by proteolytic cleavage with trypsin as conducted in all three studies. We therefore estimate the number of potential N-glycosylation sites in platelets to at least 400-500, possibly more. However, using the so far identified sites, the adjacent sequence stretches were compared and visualized using WebLogo [26] (Fig. 5) . A slight preference of threonine over serine could be observed at the third position of the consensus sequence NXS/T. Apart from this known consensus sequence, little features could be deduced even from a magnified version of the WebLogo visualization. It might be argued that a slight increase in the frequency for leucine, isoleucine, valine, alanine as well as serine-all rather small and uncharged amino acids-can be observed adjacent to asparagine. These differences are nevertheless not sufficient to deduce a pattern for enhanced prediction of N-glycosylation sites. Therefore, mass spectrometric sequencing remains the method of choice for elucidation of glycosylation sites.
Conclusion
Although sequencing of proteins on a proteome-wide scale is still necessary to obtain an overview of the cellular protein content, the analytical focus is continuously shifting toward quantification of differentially expressed proteins or even their posttranslationally modified isoforms. Modifications such as phosphorylations enable fast cellular responses to extracellular stimuli and are responsible for numerous changes in protein function during platelet activation and aggregation. In contrast, carbohydrates are responsible for enabling, e.g., cell-cell recognition and cellular adhesion caused by their presence on membrane glycoproteins. However, both phospho-and glycopeptides are less abundant compared to the overwhelming number of non-modified peptides hampering analysis by undersampling and suppression effects. For efficient analysis, both modifications require enrichment of modified peptides before mass spectrometric detection.
The approach presented here, which uses electrostatic repulsion hydrophilic interaction chromatography, clearly enabled the accumulation of glycopeptides with an efficiency demonstrated also for previously used approaches like SCX-prefractionation. Application to platelet plasma membrane sample resulted in the annotation of 125 glycosylation sites, many thereof on proteins essential for platelet function. The knowledge of these sites has two major benefits. First, it enables the targeted functional characterization of influences of the elucidated sites on platelet function. As platelets are hardly accessible to standard genomic techniques because of their enucleate structure, platelet-specific knock-out models are one of the few possibilities to directly study influences of modification sites in vivo. However, these experiments require the exact site of the modification to be known. After the current study and in combination with two of our previous works over 250 N-glycosylation sites on platelet proteins have been mapped and can be used for further characterizations. Second, a major benefit of correct assignment of glycosylation sites-also with respect of clinical relevance-is their potential for the identification and quantification of biomarkers. Mass spectra of the respective peptides are the Glycosylation sites are marked by "#" within the peptide sequence basis for targeted multireaction monitoring (MRM) approaches, which allow for simultaneous label-free quantification for scores of proteins, as demonstrated by StahlZeng et al. [7] . The repository presented for the platelet system can therefore be used for the design of assays monitoring the presence of glycoproteins on the platelet surface or the complete cell. This enables fast and targeted screening of major protein components, e.g., during bleeding disorders. In this context, the high selectivity and sensitivity of MRM might even avoid the need for complicated sample preparation steps rendering the approach attractive for clinical use. Apart from clinical applications using annotated glycosylation sites, the current approach also offers a new purification strategy for glycopeptides. Current results render ERLIC a complementary technique to established oxidative hydrazide coupling, lectin-based approaches, or SCXenrichment of glycopeptides. Nevertheless, the presence of further peptide species bearing additional negative charges such as phosphorylations has to be anticipated as the ERLIC principle is not limited to glycopeptide isolation. With regard to phosphorylations, this obstacle can, e.g., easily be overcome using a dephosphorylation step before ERLIC. However, within the presented analysis of the platelet membrane samples, it is clear that spectra with glycopeptide marker ions made up for the dominant ion species when omitting the PNGaseF deglycosylation step. This argues for negligible effects of co-purified peptide species. The 125 glycosylation sites identified here show a major overlap with the previously employed techniques but also add new candidates to the number of known glycosylation sites. We therefore consider ERLIC to be advantageous for glycopeptide characterization on other glycosylation-related research fields as well. Preliminary results confirm distinct enrichment of glycopeptides from soluble fractions of Arabidopsis thaliana total lysates. This application to a complete organism renders ERLIC a feasible approach for complex body fluids as well. Moreover, ERLIC exhibits potential use for the separation of isoforms caused by carbohydrate microheterogeneities. This is of profound interest for basic research as it enables the direct access to intact glycopeptides. Furthermore, it reduces the complexity of individual fractions by spreading different glycopeptides over the entire gradient providing higher separation capacity than, e.g., bulk elution approaches. However, this feature might also limit the application of ERLIC for label-free quantitative profiling in turn. In contrast to, e.g., oxidative hydrazide coupling, ERLIC-separated peptides elute over a range of fractions. Intermediary but necessary clean-up steps of these fractions reduce the approach to a qualitative one as long as they are not severely standardized or the buffer conditions of ERLIC are adapted for direct mass spectrometric analysis. Nevertheless, this fact should not interfere with quantification approaches based on chemical derivatization, such as iTRAQ or ICAT. The exact retention mechanism of glycopeptides by ERLIC remains yet unclear. A major overlap (63 of 125 sites in the current study) with the previous SCX-based approach could hint to a possible enrichment of charged sialylated glycopeptides. In turn, the equally high number of additional glycopeptide identifications from the ERLIC approach argues for a more generalized retention mechanism apart from charge-bearing sialic acids. Fig. 5 Motif analysis of so far annotated platelet glycosylation sites using WebLogo [26] . Minor preferences of threonine over serine within the consensus sequence as well as a slight prevalence for small uncharged amino acids in adjacent positions (lower, magnified view) can be deduced
